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Drosophila genetics has provided the Hedgehog
signaling pathway with roughly ordered components,
but few mechanistic connections. Several studies
now show that the kinesin-related protein Costal-2
provides a physical link between the transmembrane
transducer Smoothened and the transcriptional
effector Cubitus interruptus.
The Hedgehog (Hh) signaling pathway has many roles
in human development and cancer biology [1], but it
has been most intensively studied in developmental
settings in Drosophila, where it influences cell fates by
regulating activity of the transcription factor Cubitus
interruptus (Ci) [2,3]. Here, Hh signaling promotes
nuclear entry of full-length Ci (Ci-155) and activation of
target genes that contain Ci-binding sites. In the
absence of Hh, an entourage of binding partners —
including Costal-2 (Cos2), the protein kinase Fused
(Fu) and the biochemically anonymous Suppressor of
Fused (Su(fu)) — ensure that Ci-155 is efficiently kept
out of the nucleus and is slowly cleaved to a shorter
form (Ci-75) that actively represses transcription of the
same target genes (Figure 1A) [2, 4]. 
The transmembrane protein Smoothened (Smo) is
absolutely required for cells to transduce a Hh signal;
Smoothened’s closest known relatives are the Frizzled
(Fz) proteins, which transduce Wnt signals [5]. Unlike
Fz proteins, however, Smo does not bind to the ligand
of the sigaling pathway in which it operates; instead,
the twelve-transmembrane domain protein Patched
(Ptc) binds Hh, simultaneously restricting the range of
Hh movement and initiating signaling [2]. Hh target
genes can be induced by Hh or by genetic inactivation
of Ptc, but in both situations Smo must be present.
Hence, it is often said that the repressive influence of
Ptc on Smo activity is relieved by binding to Hh. But
what is Smo activity? A number of recent studies
[6–10] have shed new light on this key question.
Smo Binds to Cos2
Smo has seven transmembrane domains, but the
slender evidence favoring a G-protein connection for
Smo is outweighed by contrary data, including the
recent observation that inhibition by RNA interference
(RNAi) of a full spectrum of G-protein subunits failed to
compromise Hh signaling in Drosophila tissue culture
cells [6]. How then does Smo influence Ci? Following
earlier genetic evidence predicting a physical interac-
tion between Smo and Cos2 [7], several studies [6,8–10]
have now demonstrated association biochemically and
suggest that it is direct. The protein kinase Fused is
also found in Smo–Cos2 complexes, presumably
through its direct association with Cos2. 
In many signaling systems, the recruitment of
cytoplasmic effectors to the membrane is signal-depen-
dent. What is the evidence for Hh? It appears that
Smo–Cos2 complexes are present in the basal state,
associated with internal vesicles and the plasma mem-
brane [6,8–10]. Hh does not measurably alter Smo–Cos2
affinity [6,8–10], but it does increase the total amount of
Smo–Cos2 complex and alter its location [6,10], roughly
in proportion to the increased levels and more promi-
nent plasma membrane localization of Smo that was
previously reported to accompany Hh signaling [11]. 
Effects of Smo–Cos2 Complex and Hh on Ci
How do Smo–Cos2 complexes affect Ci? In the
absence of Hh, direct binding of Ci to Cos2 has been
postulated to tether Ci in the cytoplasm through an
association with microtubules [2]. Ruel et al. [10] have
now found that Ci can also associate with Smo — prob-
ably via Cos2 — but that Hh treatment of cells abolishes
co-precipitation of Ci with either Smo or Cos2 antibod-
ies. This is corroborated by high-resolution confocal
images of embryonic cells showing that co-localization
of Cos2 with Ci is much reduced in cells exposed to Hh
[10]. The inference that a Hh-induced change in the
Smo–Cos2 complex triggers Ci dissociation (Figure 1B)
is attractive because both Hh signaling and genetic
inactivation of Cos2 prevent Ci-155 proteolysis to Ci-75
and increase access of Ci-155 to the nucleus [2].
Similar experiments by Lum et al. [6], however,
showed that levels of Ci association with Smo and
Cos2 were not decreased by Hh treatment, and Jia et
al. [9] did not see Ci in Smo complexes under any
circumstances. Perhaps Hh signaling can weaken the
Cos2–Ci interaction and the different results derive
from different stringencies and sensitivities of the co-
immunoprecipitation assays used. Ruel et al. [10] also
found that the levels of Cos2 (and Fu) are reduced by
strong Hh signaling (or the absence of Ptc). This may
also contribute to the release of Ci and is reminiscent
of the signal-dependent degradation of the scaffold-
ing protein Axin in the Wnt signaling pathway [12]. In
that pathway signaling modulates the ability of Axin to
limit the activity of β-catenin.
How Does Su(fu) Fit in?
Even if Ci were cleanly released from Cos2, we know
from earlier work that transcriptional activation might still
be held in check by Su(fu) [4]. Interestingly, Lum et al. [6]
found very little Su(fu) associated with Smo or Cos2, but
that plenty of Ci could be co-precipitated by Su(fu)
whether or not Hh was present. This suggests that Ci is
largely in complexes containing either Cos2 or Su(fu),
but not both. Both complexes may restrict nuclear
access and activity of Ci, but only Cos2 complexes
would limit Ci-155 accumulation through proteolysis.
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How is Ci released from inhibition by Su(fu)? This is
thought to require Fu kinase activity and strong Hh
stimulation [2,4]. But how might contact between Smo
and Cos2 bring this about? A number of experiments
demonstrate a correlation between the signaling and
Cos2 binding activities of Smo variants [6,7,9]. All the
papers [6–10] agree that the large carboxy-terminal
cytoplasmic domain of Smo (Smo-CT) binds Cos2, is
required for Smo function and has some activity in iso-
lation when directed to membranes by an added myris-
toylation signal (MyrSmo-CT). Furthermore, two groups
[6,9] found that Smo or MyrSmo-CT with deletions
within the cytoplasmic domain retained activity only
when they could bind Cos2 (even though the two
groups defined different Cos2-binding regions).
Of greater relevance to the question posed above, is
the observation that neither MyrSmo-CT nor signifi-
cantly truncated Smo molecules had normal activity
[6–9,13]. Indeed, MyrSmo-CT dominantly inhibited
transmission of a strong Hh response by wild-type Smo
[7–9]. In contrast, when Smo-CT was fused to the extra-
cellular and transmembrane domains of Fz, it elicited
both strong and weak responses at the command of
Wingless [7]. Whether this activity depends on endoge-
nous Smo was not tested. Nevertheless, these data
suggest that recruitment of Cos2 by Smo-CT to the
membrane does not suffice to trigger normal signaling
(which includes escape from Su(fu) repression) unless
accompanied by a signal-induced change that may be
shared by Hh and Wnt signaling. Hooper [7] speculated
that this change might be dimerization, or at least close
apposition, of Smo (or Fz) monomers.
Smo and Fz Dimers?
The dimerization hypothesis has a little direct support
for Fz [14] and would explain the dominant inhibition of
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Figure 1. Hypothesis for Hh signaling
based on Smo–Cos2 binding. 
(A) In the absence of Hh, Smo levels are
limited, especially at the plasma mem-
brane; Ci-155 (labeled Ci) is sequestered
by Su(fu) and Cos2 complexes associated
with microtubules, and is directed via
phosphorylation towards complete degra-
dation or conversion to the transcriptional
repressor Ci-75. (B) In the presence of Hh,
Smo and associated Cos2–Fu complexes
become hyper-phosphorylated and
enriched at the plasma membrane. These
or other changes may favor liberation of
Ci-155 from Cos2, protecting it from con-
version to Ci-75 and allowing some
nuclear access. Especially at high levels
of Hh, additional changes, perhaps involv-
ing apposition of Smo–Cos2–Fu–Su(fu)–Ci
complexes and phosphorylation of Su(fu)
by Fu, liberate Ci-155 in a modified
complex which is better able, alone or
together with Su(fu), to enter nuclei and
activate transcription. Yellow numbered
arrows indicate both established and
speculative Hh-dependent changes.
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high-level Hh signaling by Smo molecules lacking the
cytoplasmic domain [7]. It is also consistent with the
importance of the large cysteine rich extracellular
domains (CRDs) to both Fz and Smo activity [5,13], and
the propensity of CRD domains to form dimers [15].
Interestingly, Fz was recently shown to bind directly to
Disheveled (Dvl), a key mediator of Wnt signaling [16].
The Wnt co-receptor Arrow (LRP5/6) was previously
shown to bind to Axin, and binding of Dvl to Axin is
crucial for signaling in the Wnt/β-catenin pathway [4].
Wnt signaling is thought to stimulate apposition of Fz-
bound Dvl and Arrow-bound Axin complexes to initiate
signaling [12]. 
In similar vein, apposition of Smo-associated
complexes has not been demonstrated but might
serve in Hh signaling to liberate Ci from inhibition by
both Cos2 and Su(fu). New observations [6] indicate
that a small proportion of Su(fu) becomes phosphory-
lated during Hh signaling, and that this requires both
Fu and Cos2 (which has now been shown to be
required for Fu stability). Hence, one could imagine
that Smo dimers may interact with Cos2–Fu–Ci–Su(fu)
complexes to activate Fu, phosphorylate Su(fu) and
release a modified Ci–Su(fu) complex in which Su(fu)
is no longer inhibitory (Figure 1B). Ci might act as a
transcriptional activator within that complex, or it
might dissociate more readily from such modified
complexes. The low stoichiometry of Su(fu) phospho-
rylation, dearth of Smo–Cos2–Su(fu) complexes and
potential rarity of Smo dimers do not exclude this
hypothesis, because only a tiny proportion of Ci-155
is present in the nucleus even in cells exposed to high
levels of Hh [2]. 
Regulation of Smo Activity
Now that we see Smo interacting with Cos2 and other
proteins in either the basal or the ligand-stimulated
state, we can reconsider the first step of Hh signaling —
how Hh and Ptc modify Smo activity. This has been
hypothesized to involve changes in Smo concentration,
localization, phosphorylation, conformation or binding
to small molecules related to cyclopamine, but was
always considered as a change in isolated Smo mol-
ecules [11,17–19]. Now we can embrace the possibility
that Ptc and Hh might act primarily, or in part, through
Smo partners instead of through Smo itself. Indeed, the
absence of functional Cos2 had previously been shown
to prevent further induction of Hh target genes [20], and
is now shown also to reduce the accumulation and
hyperphosphorylation of Smo that is normally induced
by Hh [6] (although the immunocytochemical evidence
for this is contradicted in other work [10,13]). Thus, the
accepted hierarchical arrangement of Smo and Cos2 is
open to question. In this light we might now ask what
binding interactions other than with Smo might recruit
Cos2 to membranes, and whether these interactions
might be regulated by Ptc and by Hh. Perhaps the
association of Cos2 with microtubules provides one
such regulated connection. 
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